
UNESCO – 
EOLS

S

SAMPLE
 C

HAPTERS

THERMAL POWER PLANT AND CO-GENERATION PLANNING – Vol. III - Second Law-Based Analysis and Optimization of 
Seawater Desalting Systems - Y.M. El-Sayed 

© Encyclopedia of Desalination and Water Resources (DESWARE)  

SECOND LAW-BASED ANALYSIS AND OPTIMIZATION OF 
SEAWATER DESALTING SYSTEMS 
 
Y.M. El-Sayed 
President, Advanced Energy Systems Analysis, Fremont, CA 94539-4613, USA 
 
Keywords : Preliminaries, Characterizing quantity, Cogeneration, Decomposition, 
Decision variables, Dissipative process, Thermoeconomics 
 
Contents 
 
1. Introduction 
2. Preliminaries 
2.1. The Emerging Concerns 
2.2. The Complexity of the Design Space 
2.3. The Interaction of Energy and Materials Requirements 
2.4. Tools of Design Analysis 
2.5. About Second Law-Based Analysis and Optimization 
3. Second law-based analysis 
3.1. The Exergy Function 
3.1.1. A Derivation of the Exergy Function 
3.1.2. Some Useful Equations of the Flow Exergy 
3.1.3. The Zero Exergy State 
3.2. Elementary Dissipative Processes 
3.2.1. Heat Exchange 
3.2.2. Adiabatic Expansion and Compression 
3.2.3. Throttling 
3.2.4. Mixing Two Streams 
3.2.5. Combustion 
3.3. Ideal Processes 
3.3.1. The Ideal Desalting Process 
4. Modeling a system for performance/cost analysis 
4.1. Modeling the Performance of a System 
4.2. Modeling the Cost of the Devices of a System 
4.2.1. The Cost Model of a Device 
4.2.2. Direct Communication 
4.2.3. The Concept of Costing Equations 
4.2.4. Indirect communication 
4.2.5. The Generation of Costing Equations 
4.3. The Combined Performance-Cost Model 
5. Manual improvement of system 
5.1. Accounting for Fuel Penalties 
5.2. Accounting for Cost 
6. Automated improvement for a given system structure 
6.1. The Lagrangian Concept of Decomposition 
6.2. Decomposition Pairing Dissipaters and Dissipations 
6.2.1. Local Optimization 
6.2.2. Global Optimization 



UNESCO – 
EOLS

S

SAMPLE
 C

HAPTERS

THERMAL POWER PLANT AND CO-GENERATION PLANNING – Vol. III - Second Law-Based Analysis and Optimization of 
Seawater Desalting Systems - Y.M. El-Sayed 

© Encyclopedia of Desalination and Water Resources (DESWARE)  

6.3. Decomposition Pricing Internal Exergy Streams 
6.3.1. Local Objectives 
6.3.2. Marginal and Shadow Prices 
7. Application example  
7.1. Common Assumptions 
7.1.1. The Optimization Method Used 
7.1.2. The Default Physical Environment 
7.1.3. The Default Economic Environment 
7.1.4. The Characterizing Surfaces of Devices and Their Default Unit Costs 
7.2. The Models Used 
7.2.1. The Performance Model 
7.2.2. The Design Models 
7.2.3. Curve-Fitting Costing Equations and Exergy Destructions 
7.2.4. A Brine Heater Costing Example 
7.3. The Program Used 
7.3.1. The Outputs of the Program Used 
7.3.2. Improvements and Risk 
7.4. A Journey of System Improvement 
7.4.1. The Starting Flowsheet 
7.4.2. Low Capital Cost Improvement 
7.4.3. High Capital Cost Improvement 
7.4.4. Reference and Improved Design Points 
7.4.5. The Accompanying Software 
8. From design to operation 
8.1. The Complexity of Time Dependence 
8.2. Off-Design Performance 
8.2.1. Off-Design Performance of a Device 
8.2.2. Off-Design Performance of a System of Devices 
8.2.3. Part-Load Performance Equation of a System 
8.3. Optimal Operation 
8.3.1. The Optimal Operating Mix of Plants 
8.3.2. Simple Example Of An Optimal Mix 
9. Appendix: An overview of engineering sciences 
9.1. Basic Concepts and Definitions (Moran 1982, Van Wylen and Sonntag 1976) 
9.1.1. Definitions 
9.1.2. Balance Equations 
9.1.3. The First Law of Thermodynamics 
9.1.4. The Second Law of Thermodynamics 
9.1.5. State Equations 
9.2. Flux Laws (Prigogine 1961, Kays 1966) 
9.2.1. Incompressible Fluid Flow in Conduits (ASHRAE Handbook Fundamentals 
1997) 
9.2.2. Fluid Flow through nozzles and diffusers (Van Wylen and Sonntag 1976) 
9.2.3. Fluid Flow Through Blade Passages (Van Wylen and Sonntag 1976) 
9.2.4. Heat Transfer (ASHRAE Handbook: Fundamentals 1997) 
Glossary 
Bibliography and Suggestions for further study 
 



UNESCO – 
EOLS

S

SAMPLE
 C

HAPTERS

THERMAL POWER PLANT AND CO-GENERATION PLANNING – Vol. III - Second Law-Based Analysis and Optimization of 
Seawater Desalting Systems - Y.M. El-Sayed 

© Encyclopedia of Desalination and Water Resources (DESWARE)  

Summary 
 
This article introduces the numerical techniques of second law-based analysis and 
optimization of energy-intensive systems to the design of systems of interest to 
desalination. The analysis is known as exergy analysis and the optimization is known as 
thermoeconomics. 
 
The techniques, developed over more than 30 years, are surveyed. A powerful tool for 
optimal system synthesis and design is highlighted. The tool allows intensive analysis of 
conveniently generated system design concepts. 
 
System complexity is managed by a two-level decomposition strategy using the 
relatively new concept of costing equations at the level of the disciplines of knowledge 
and the known Lagrange concept at the device level. 
 
A journey of system improvement is demonstrated as an application example. An 
accompanying software applies the tool to the systems involved in the improvement 
journey. 
 
Finally a continuity is created from optimal design to optimal operation. 
 
Beyond the introduction, it is assumed that the reader is familiar with introductory 
courses in thermodynamics, heat transfer, and fluid mechanics. Appendix (A) is 
included to the readers who may wish to refresh their memory regarding these courses. 
 
1. Introduction 
 
Man is by nature an exploiter of resources. In time, it became apparent that there is a 
constraint on the rate of his exploitation since it is not practical to accelerate the renewal 
rate of resources set by nature and that human developments have to be sustainable. The 
depleting fuel resources, the depleting ozone layer, and the increasing carbon dioxide in 
the atmosphere offered the sufficient evidence that man has to live within nature's 
recycling rate of the essential life support elements. This is a basic law of life and is 
embodied in the laws of thermodynamics. 
 
In simple but less accurate terms, the first law of thermodynamics states that energy is 
changeable to various forms (mechanical, thermal, chemical, …) but in total is 
conserved. It can neither be created or destroyed. The second law states that all 
processes proceed to states of higher disorder. So while the first law means that the total 
energy of the universe is constant, the second law implies that the useful part of energy 
is diminishing and the universe may be running downhill. In further simpler terms, the 
first law says to those trying to exploit energy that they cannot win and the second law 
says that they always lose. The exploiter must be aware of minimizing the inevitable 
disorder. 
 
The separation of pure water from salt-water will not occur spontaneously. It is 
necessary to create a device in which the separation of salt from water is forced to occur 
by an energy resource. The creation of the device requires materials and energy to 
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process and shape them. The form of the needed energy is usually work or heat or 
combination. Economics comes into play with thermodynamics when the device and its 
driving energy are valued in monetary units as costs. 
 
The combined application of the first and second laws of thermodynamics gives the 
least amount of work essential to effect separation by assuming the process used to 
proceed under constant order producing no increase in the disorder. This least work 
depends on temperature and salt content. For seawater it is in the neighborhood of 1 kW 
for each hourly production of one ton of pure water, or 5 kJ kg-1 (1.5 Btu lb-1). 
 
A device producing no disorder would have 100 per cent efficiency and would require 
the least work but unfortunately such device does not exit. On one hand, a device 
producing little disorder will have high efficiency less than 100 per cent and will need 
work somewhat higher than the least work but its cost will be very high. On the other 
hand, a crude cheap device producing very high disorder will have very low efficiency 
but would require a great deal of work. In either case, the cost of separation, which is 
the sum of the device's cost and its driving energy, is large. In the first extreme, the 
device cost shoots high. In the second extreme the cost of the driving energy shoots 
high. In between these two extremes, there exists an efficiency where the cost of 
separation is minimum or within a minimum cost band. 
 
This article is devoted to the identification of this minimum cost or band as function of 
alternative system designs and as function of the economic environment in which the 
various alternatives happen to be embedded. Of course there are other desirable criteria 
such as flexibility, safety, reliability and availability. In seeking the minimum cost these 
criteria are always in the background qualitatively to make sure that none of them falls 
below acceptable levels. In the design phase of a desalination system, the minimization 
of the cost of materials and energy as leading criterion is appropriate. 
 
Achieving a minimum cost in desalination is most important since historically water has 
been taken for granted to be a cheap commodity. Although industry knows no 
manufactured chemical that sells for less than 1$ per ton, when it comes to water, this 
price is high. 
 
To find out a minimum cost, a number a scientific disciplines have to be invoked, 
beside thermodynamics and economic principles. These are the principles and practices 
of the design and the manufacture of the devices of a sought system and the 
mathematics of optimization which help searching for a minimum or a maximum. 
 
The outcomes of communicating mathematically among the disciplines of 
thermodynamics, design, manufacture and economics are far reaching. Design concepts 
of desalination systems are generated and eliminated without early commitment to any 
system until the competing ones are discovered. Not only competing alternatives are 
identified, but also innovative alternatives are inspired and new avenues of research and 
development are discovered. Good innovative alternative solutions should reduce 
capital cost for a given system efficiency. This shifts the minimum cost towards less 
fuel consumption and a double benefit to cost is gained. 
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This kind of intensive analysis done before being committed to the detailed analysis of a 
particular system's alternative may have been difficult, or even impossible, before the 
computer age. Now number crunching costs little. All that is needed is modeling the 
cost and the performance of the ideas of the system's concepts and observe the 
interpretations of their minimized costs. 
 
The competing alternatives may now be treated as projects worthwhile detailed cost 
analysis for complete project management. Usually other cost factors come into play 
such as factors associated with reliability, availability, and mostly uncertainty. These 
factors may reduce the number of the competing alternatives or even force the seeking 
of new ones. Costs not directly involved in the separation process such as the costs of 
the procurement of the raw seawater, of the disposal of concentrated brine, of 
pretreatment, of product after-treatment, and of product storage, are not likely to affect 
the choice of the recommended alternatives. 
 
Conceptual system design driven by intensive analysis would promote a wiser use of 
energy, create a new generation of lower cost higher efficiency energy systems and 
enhance sustainable development. 
 
Beyond this introduction, it is assumed that the reader is familiar with introductory 
courses in thermodynamics, heat transfer, and fluid mechanics. Appendix (A) is 
included to the readers who may wish to refresh their memory regarding these 
introductory courses. 
 
2. Preliminaries 
 
This section is an extended introduction to readers having an engineering background 
and are interested in cost-effective energy savings. The appendix (section 11) is a 
refreshing review of some relevant aspects of mechanical engineering science. Here in 
this section system design practice is reviewed. The complexity of the design space is 
illustrated. The interaction of energy and materials is brought into focus followed by the 
essentials of the design analysis of energy systems. Second law-based analysis and 
optimization is then introduced. 
 
2.1. The Emerging Concerns 
 
Design synthesis and design analysis are mental concepts for design innovation and are 
as old as man's recognition of the need for tools. The traditional approaches to the 
synthesis and design analysis of energy intensive systems relied on the intuition of 
experienced designers and engineers. Modest concern was given to fuel economy and 
no concern was given to the environment. 
 
For the last two decades, the concern regarding depleting fuel resources, waste 
reduction and cleaner environment has posed a hard challenge to the designers and the 
operators of energy intensive systems and the challenge is almost international. Cost-
effective fuel saving became a focus of attention in the design and in the operation of 
energy intensive systems. The design process became more complex and required the 
bases of many disciplines and specialized knowledge in each discipline. The operation 
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became more involved with the strategies of energy management, emission control, and 
waste disposal. Many R&D projects, targeting a new generation of energy systems 
which meet the challenge, at both the producer and consumer ends, are at work in both 
private and governmental sectors. The guide to further study lists examples of the 
changing attitude towards the use of energy that supports the current work on the 
Encyclopedia of Life Support Systems. It shows examples of the projects of the Small 
Business Innovation Research Program supported by US department of energy, and of 
the activities on improved methodologies supported by the symposia of the Advanced 
Energy Systems Division of the American Society of Mechanical Engineers since 1985 
and by the International Conferences sponsored by the Society since 1987. 
 
These activities did accelerate and disseminate the development of improved 
methodologies of system synthesis, analysis and optimization to assist the intuition of a 
designer towards the target of a new generation of energy systems. The low cost of 
number crunching nourished the development of the methods of analysis. All methods 
imply optimization and seek innovation through analysis and their common tools are 
modeling and computational algorithms. However, the facts that models involve 
assumptions and that they may view the same system from different angles and with 
different zooms, created variations in the quality and reliability of the developed 
models. It is, therefore, important that models be verified and it is important that one 
should be clear about the purpose of the models of interest and their limitations. 
 
Unfortunately the US government support today for large scale seawater desalination is 
much less than it was in the early sixties. It is hoped, however, that this article may help 
in transferring some of the improved methodologies to the benefit of desalination. 
 
2.2. The Complexity of the Design Space 
 
One of the main challenges to any methodology dealing with system design is the 
complexity of the design space. The design space of an energy system may be described 
in a simplified way by three multi-dimensional coordinates as shown in Figure 1. For a 
given objective function (efficiency, cost, emissions, safety, … or combinations), an 
optimal design has both an optimal structure (a connectivity of devices) and an optimal 
design point (a decision vector of thermodynamic variables and devices' design and 
manufacture variables). Because structural changes are evolutional and design point 
changes are multi-dimensional, the topology of the design space is indeed complex and 
not homogeneous. With desalination systems cogenerating power and water, a desired 
power:water ratio is an added complexity influencing structural changes. 
 
Means of enhancing the search in both directions of design point and structural changes 
are needed, though one should not expect a unique optimal solution. Usually there is no 
single significantly superior solution and more than one solution may share the same 
objective within narrow differences. The search is, therefore, a search for an optimum 
solution rather than the optimum. Moreover, there is no optimization method yet which 
guarantees global optimum for a multi-variable problem. 
 
All recent energy analysis methodologies are outcomes of the challenge to handle such 
complex space and the challenge is continuing. 
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Figure 1. The Complexity of the design space. 
 

2.3. The Interaction of Energy and Materials Requirements 
 
In many energy intensive systems and in particular desalination systems, the 
requirements of energy and materials processed and shaped as the devices of a system 
are in strong conflict. The first manifests itself mostly as fuel and the second as a capital 
cost. In desalination processes, the required surfaces for desalting are a major part of the 
capital cost. 
 
Consider for illustration a system that produces only water. A system may co-produce 
power but the power is used solely to produce water. The system therefore starts with 
fuel and ends with a specified rate of desalted seawater. Figure 2 shows, qualitatively, 
the fuel cost, the capital cost of the system and their sum per unit water product on a 
cost-efficiency plane. Obviously the optimal solution provides a lower water cost than 
any other feasible solution. An innovative design shifts the optimal cost to lower cost 
and higher efficiency. This is usually associated with an added capital cost to the present 
design and, in the same time, a significant increase in water production that leads to 
lower capital per unit product. The road to innovative shift is redesign, restructuring and 
research. The complexity of cogenerating power and water may force, for some system 
configurations, an optimum power:water ratio different from the desired ratio. 
 
Using as a measure of efficiency the ratio of actual work to ideal work for power 
production and the ratio of ideal work to actual work for water production, the ratio 
varies from 0.25 to 0.55 for power and, as shown in Figure 2, only up to 0.15 for water. 
The bad news is such low efficiency is not limited only to water but is shared by a large 
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number of energy driven industrial processes. The good news is that there is ample 
room for future improvement if not breakthroughs. 
 

 
Figure 2. The cost-efficiency plane. 
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